ABSTRACT
Introduction
Polycyclic aromatic hydrocarbons (PAHs) are an assembly of over 100 semi-volatile organic compounds consisting of two or more fused benzene rings. They are commonly present in the urban environment and are often associated with a variety of diffuse natural and anthropogenic sources. PAHs vary in prevalence, toxicity and persistence in the environment. Higher molecular weight PAHs often associated with by-products of incomplete combustion are considered persistent organic pollutants (POPs) with relatively long half-lives in soils and sediment [1] . Awareness of the omnipresence of PAHs and their often elevated background levels in highly urbanized areas has prompted a number of recent studies [2] [3] [4] [5] [6] as well as increased attention from the USEPA and the Agency for Toxic Substances and Disease Registry (ATSDR) [7] .
Pollutant discharges carried by stormwater runoff to Biscayne National Park and Aquatic Preserve are known to include suspended solids, nitrogen, phosphorus, cadmium, copper, lead, zinc, oil, grease, litter and organic waste [8] [9] [10] [11] [12] . The presence of aliphatic and aromatic hydrocarbons in the sediments of Biscayne Bay has been investigated since the 1980s. Corcoran et al. [9] completed The Biscayne Bay Hydrocarbon Study, a largescale analysis of the spatial distribution of the hydrocarbons in estuarine sediments. Cantillo et al. [11] continued the investigation of PAHs content in mollusks and sediments in South Florida as part of the NOAA National Status and Trends Program. Earlier studies consistently documented the presence of PAHs in sediments of Miami River and the Biscayne Bay [9, 11, 13] . Comprehensive recent studies found various levels of PAHs in sediment samples collected from the beds of the canals and lower Miami River in Miami-Dade County [13] [14] [15] . Although the extent of PAH contamination of the sediments of Biscayne Bay is well established, the contribution of urban runoff as a source of origin of PAHs requires further investigation.
PAHs tend to adhere to particles and are typically found in both dissolved and particulate phases in urban runoff. Area Adjacent  1318 to Biscayne Bay, Florida
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Despite low concentrations, urban runoff could deliver considerable amounts of oil and grease to the aquatic environment exclusive of spills [16] . Recent increases in PAH input to aquatic sediments in urban areas were related to PAHs releases from an increasing number of mobile sources [17] . Increased traffic activity was linked to high levels of PAHs in urban stormwater [6, 16, [18] [19] [20] [21] [22] . The literature suggests that the presence of low-molecular weight (LMW) PAHs in runoff is indicative of petrogenic source of origin (i.e., crankcase oil drips, spills, etc.), while the presence of high-molecular weight (HMW) PAHs is associated with potential pyrolytic sources (i.e., vehicle exhaust emissions, burning of organic matter, etc.) [5, 6, 16, 18] . Several recent studies have given priority to pyrolytic over petrogenic sources [5, 6, 20] . Stein et al. [5] found that pyrolytic sources dominate urban runoff over petrogenic sources in the majority of storms irrespective of land use. Studies also consistently documented that more than 70% of total PAHs in urban runoff consisted of high-molecular weight PAHs suggesting deposition associated with vehicle emissions and other airborne inputs as dominant sources of PAHs in stormwater and sediments [5, 17, 23] .
Most studies agree that the main driving force contributing to PAH levels include traffic intensity [21] , land use [16, 23, 24] and seasonality [4] . Hoffman et al. [23] used concentration and flow data to develop loading factors as a function of land use and average daily traffic volume. The study found that PAHs discharge rates from highways and industrial land use were higher than those from residential areas. Menzie et al. [20] found that commercial and residential land use dominate PAHs releases hypothesizing that secondary sources such as spills of oil and grease enhanced the flux from atmospheric deposition. Stein et al. [5] found a uniform distribution of the total PAHs flux throughout the urbanized region of Los Angeles observing that there was no significant difference in PAHs concentrations in runoff generated from various urban land uses.
A pollutant first flush is defined relative to the pollutant mass carried out by the initial fraction of the runoff volume [2] [3] [4] [5] [6] 25, 26] . Estimation of a storm first flush involves computing the cumulative pollutant mass discharge in the initial portion of the runoff volume [2, 3] . Most studies suggest that estimates of the first flush pollutant emissions should be based on the initial 20% to 40% of runoff volume [26, 27] . Bertrand-Krajewski et al. [26] characterized the occurrence of a first flush as 80 percent of the pollutant mass emitted in the initial 30 percent of stormwater runoff volume. Stenstrom and Kaynahian [2] suggested a quantitative measure based on the mass first flush ratio (MFF). MFF allows plotting the normalized cumulative mass discharge against the cumulative runoff volume. The inflection point at which the slope of the curve exceeds 45 percent is associated with the occurrence of a first flush event [2, 3] .
Several studies found that the estimation of a first flush may be confounded by several factors including the size of the drainage area [28], site characteristics [4] , rainfall patterns [6, 18, 23] and antecedent dry days [5, 6, 29] . The size of the drainage area was found to be negatively correlated with the storm first flush. A storm first flush is rarely reported for large watersheds [28] . Lee and Bang [29] and Zhang et al. [6] found no significant relationship between pollutant discharge and the number of antecedent dry days. However, in areas where the annual distribution of rainfall events is roughly uniform, accumulation of pollutants on the ground may not be as significant as in areas characterized by extended dry periods. Previous studies found that climatic conditions associated with prolonged dry seasons tend to increase seasonal discharges of pollutants to receiving waters [2, 4, 5] . During these periods without or very little precipitation various hydrocarbon species, emitted from vehicle exhaust or released as a result of spillage, accumulate over pervious and impervious surfaces [5] . Significant pollutant loadings delivered to aquatic environments as a result of the seasonal first flush may affect the productivity of the estuarine ecosystems which harbor many fish and shellfish species, provide spawning grounds, nurseries and shellfish beds, and secure a vital link between primary producers and larger marine organisms [16, 30] . Seasonal first flush is computed similarly to the storm first flush when both flow and pollutant concentrations data are available [4] . In most cases, however, these data records are difficult to obtain on a consistent basis. Stenstrom and Kayhanian [2] suggested using normalized precipitation data instead of flow rate to determine seasonal first flush.
The primary objective of the study was to examine the variability in PAHs distribution in runoff from roads adjacent to commercial land use. The sampling and analytical approaches were designed to address research questions related to storm-event and seasonal variability in PAHs concentrations; existence of a mass first-flush; variability in flow-weighted mean concentration, massloading rate and PAH composition profiles between storm events and seasons; determine PAHs source of origin, and assess the impact of average daily traffic on PAHs concentrations in road runoff.
Preserve (under the Florida Aquatic Preserve Act of 1975). Biscayne National Park encompasses the southern portion of the Bay. The study area is characterized by a warm and humid subtropical climate driven by wet and dry seasons, convective storms and tropical cyclones [31] . The wet season extends from June through September and the dry season from October through mid-May. The annual average temperature is 75.9˚F. The annual precipitation is 142 cm. The wettest month is June followed by August and September [32] . Individual years may significantly differ from this pattern. The area is characterized by lowlying gently sloped topography and a complex hydrology resulting from the interactions of porous substrate geology, freshwater aquifer systems, and estuarine and marine environments. Biscayne Bay receives freshwater inflows from the Everglades ecosystem through the Biscayne Bay catchment area covering approximately 940 square miles. The area drains into the Bay through a [33] .
In selecting the appropriate sampling locations, eleven preliminary sites were investigated. Most areas with outfalls had points of discharge under water due to high water table, or under pavement and fixtures. In addition, the South Dixie Highway sites had slab-covered trenches completely open on the bottom, in contact with the aquifer. Under these conditions, collecting samples at outfalls could not rule out mixing urban runoff with soil and groundwater, and therefore decision was made to collect samples at intake chambers. Two sites were selected based on the following criteria: 1) absence of known sources of PAHs (e.g., gas stations, recently resurfaced parking lots, oil storage tanks, railroads, etc.); 2) magnitude of AADT counts; 3) homogenous land use; 4) proximity to Biscayne Bay; and 5) accessibility. In 2009, Site 1 located near the C-100 canal on S Dixie/US-1 highway (Figure 1) , had an annual average daily traffic of 69,500 vehicles per day [33] . The site is representative of the highly urbanized northern part of the study area. Site 2 located near the intersection of the 312th Street and Homestead Hospital Plaza Exit of the Florida Turnpike in the City of Homestead, Florida, had an average annual daily traffic of 19,600 vehicles per day. The second site is representative of the less developed southern part of the study area. Both sites are adjacent to commercial land use.
Sampling Design
The sampling procedures were in compliance with the NDPES Storm Water Sampling Guidance [34] . The document recommends collecting oil and grease contaminated water in 1 L amber certified glass containers manually due to the tendency of oil and grease to adhere to surfaces [34] . Automatic samplers were not used to avoid transferring grab samples from one container to another. Field collected samples were stored at 4˚C in the dark until arrival to the laboratory. Two samples during each storm event were collected simultaneously as part of the quality assurance procedures.
Rainfall intensity was measured with Global Water's RG200 Rain Gauge (a tipping bucket). The resolution of the tipping is 0.254 mm with accuracy of 3%. The flow rate was estimated based on field measurements of flow velocity. Each time when a measurement of velocity was taken, depth and width of the flow were measured and recorded. Archived precipitation data were collected from weather stations located in Miami, Palmetto Bay, Cutler Bay and Homestead.
Laboratory Analysis and Quality Assurance
Road runoff samples were analyzed by gas chromatography-mass spectrometry (GC/MS) and fluorescence spectroscopy (FS). The analyses were conducted by the Environmental Analysis Research Laboratory, Southeast Environmental Research Center (SERC), Department of Chemistry & Biochemistry at Florida International University. Water samples (1-Liter) were extracted by liquid-liquid extraction against methylene chloride using a modification of EPA 3510 as described by EARL-SOP-2000-103.1. Sediment samples were extracted by accelerated solvent extraction (ASE) using modifications of EPA method 3545. Sediments (30 g) were chemically dried, packed into stainless steel cells and extracted using a DIONEX ASE 200 instrument with dichloromethane at a temperature of 100˚C and a pressure of 1500 psi. After concentration, samples were processed for either FS or GC/MS. Sample extracts used for FS (5-mL) were placed in a 1 cm × 1 cm quartz cell and quantitated against an oil standard at an excitation wavelength of 315 nm and emission wavelength of 415 nm using a Horiba Fluoromax 4 spectrophotometer. The results are expressed in mg of oil equivalents per liter of sample. Extractions of GC/MS were amended with the appropriate per-deuterated surrogate standards, subjected to column chromatography cleanup using silica and alumina and, after final concentration analyzed by GC/MS under electronic impact (EI) mode in selected ion monitoring (SIM). Analytes were separated on a 30-meter, 0.25 mm i.d., 0.25 µm film thickness RTX5-MS fused silica capillary column using a modified EPA 8270 method as described in EARL-SOP-2000-109.1. A six-point calibration curve in the range of 0.02 to 4.0 µg/L was used. Statistical method detection limits were between 2 and 10 ng/L depending on the PAH structure and molecular weight.
Batch QA/QC included analysis of blanks, matrix fortified samples and sample duplicates. All QA/QC para- 
Data Analysis
The variability of PAHs concentrations during a specific storm was examined by constructing time versus concentration plots. Measured PAH concentrations were plotted against flow rate to create a pollutograph for each storm. The first-flush phenomenon was analyzed by computing the mass first flush ratio (MFF) and constructing cumulative mass curves in which cumulative PAH mass emissions were plotted against cumulative runoff volume [2, 5, 6] . MFF i was calculated using Equation (1):
where MFF i is a dimensionless ratio ranging from 0 to 1, i represents the point in time when a measurement is taken, C i (t) is the measured concentration at the time of the i-th sample, Q i (t) is the runoff volume as a function of time, and M and V are the total pollutant mass emitted and the total runoff volume, respectively [2] . Flow-weighted mean concentration (FWMC) and massloading rate (MLR) were computed for each storm to obtain estimates of the total pollutant mass delivered to a water body for a specific period of time. FWMC is calculated as the total load for a time period divided by the total discharge for that period (Equation (2)):
where n is the number of samples per storm event, C i is the measured concentration in the i-th sample, and Q i is the instantaneous time-variable runoff volume at the time of the i-th sample.
The mass-loading rate is the rate of delivery of a particular pollutant to the point of discharge. Following Zhang et al. [6] we calculate the mass loading rate as follows (Equation (3)):
where the MLR is the mass-loading rate in kg/km 2 /season; C i is the measured concentration in the i-th sample; and ∆Q i is the change in instantaneous time-variable runoff volume at the time of the i-th sample (L/min); ∆t i is the elapsed time between two samples (min); T is the storm event duration (min); R i is the rainfall intensity (mm/min); P s is the average seasonal precipitation for the dry and wet seasons, respectively; and the A is the washed-off area (m 2 ). Seasonal flush analysis requires information on the runoff produced at each site over the entire season together with measured concentrations [4, 35] . Stenstrom and Kayhanian [2] suggest using rainfall data when runoff data are not available in order to create a common parameter against which measured concentrations can be plotted. In that case, the normalized cumulative rainfall curve is used to estimate the fraction of the discharged pollutant and derive conclusions about the occurrence of a seasonal flush. This type of analysis was beyond the scope of this investigation since it required additional samples collection during both the wet and dry seasons. We used panel charts to plot rainfall, flow and total petroleum hydrocarbons to evaluate the relationship between seasonal daily rainfall, antecedent dry days and measured concentrations.
The variability in PAH composition profiles was examined using the Friedman's statistical test, a non-parametric equivalent of the two-way ANOVA. The PAHs composition profiles were also analyzed to determine the dominant source of the compounds found in road stormwater runoff. The Kendall's tau correlation coefficient was used to measure the association between PAHs concentrations and the annual average daily traffic, and between PAHs concentrations and the antecedent dry days.
Results and Discussion
age October to May rainfall (normally, between 38 to 53 cm) [32] . The rainfall deficits, as shown on Figure 2 , were consistent with the persistence of the cold phase of ENSO (El Niño/La Niña Southern Oscillation) over the equatorial Pacific. La Niña began in July 2010 and continued to exert strong influence over the weather patterns in South Florida through June 2011 [36] . These conditions, known as La Niña, tend to exacerbate drought in Florida and the Southeast [36] .
The first set of samples was collected on September 29 The number of samples and the sampling location were dictated by the duration and occurrence of the storm events. The samples were analyzed for total petroleum hydrocarbons using fluorescence spectroscopy. In addition, forty individual PAHs were extracted and separated by gas chromatography-mass spectrometry method. Sixteen of the quantified PAHs were on the EPA's Priority Pollutant List.
Pollutograph and Mass First Flush Analysis
A pollutograph plots concentrations relative to flow rate and time [28] . Pollutographs of the sampled storm events are shown on Figure 3 . All sampled storm events were characterized by pulses of va-rying intensities whereas in most cases, higher rainfall in-tensities occurred over the earlier portions of the storm. With one exception, the highest PAH concentrations were observed at the beginning of each storm event generally decreasing across the storm duration. As the pollutographs indicate, lower flow conditions appeared to correlate with higher concentra- tions. As Hoffman et al. [18] suggest, this result can be attributed to the effect of dilution. Greater variability was observed during the storm event of April 30, 2011, when peak pollutant concentration occurred at the mid-point of the storm event. The storm of April 30 was characterized by an initial peak in rainfall intensity followed by three weaker pulses of rain. The distribution of rainfall intensities across the storm duration appeared to contribute to the lack of predominant pattern of PAH discharges during this event.
Lee et al. [35] discuss the effect of rainfall patterns on measured concentrations emphasizing the importance of rainfall intensity for mobilization of suspended solids. Zhang et al. [6] observe that the distribution of peak rainfall intensity throughout the storm duration has an impact on the time-concentration series. Rain pulses occurring at peak intensities during various portions of the storm event can mobilize additional wash-off material affecting the variability in measured concentrations. Krein and Schorer [17] show that washed-off material could be mobilized and remobilized several times before reach-ing the storm drainage system, thus influencing PAH emission rates.
A pollutograph is helpful in understanding the relaCopyright © 2011 SciRes. JEP
Variability in Road Runoff Pollution by Polycyclic Aromatic Hydrocarbons (PAHs) in the Urbanized Area Adjacent 1324
to Biscayne Bay, Florida tionship between measured concentrations and flow rates as a function of time but does not provide sufficient information regarding the existence of a first flush event. A first flush is generally defined as the fraction of the pollutant mass carried out by the initial fraction of the runoff volume. The higher the proportion of total pollutant mass discharged within the initial proportion of the total runoff volume, the higher the magnitude of the first flush. The 45˚ reference line indicates where the fraction of the total mass is equivalent of the fraction of the total runoff volume. It is assumed that no first flush is observed if the fraction of the total mass descends below the 45˚ reference line, equals points on the line, or ascends slightly above it [2] . Figure 4 suggests that mass first flush occurred inconsistently throughout the sampled storm events. The cumulative mass curve implies a low mass first flush for the storm event on September 29 th , 2010. The low mass fist flush during this event can be attributed to the observed rainfall patterns and antecedent dry days. Since the month of September was the wettest month of 2010 with nearly 19 cm of rain above the monthly average, the continuous wash-off did not allow sufficient time for pollutants to accumulate over impervious surfaces. Thus, measured concentrations were considerably lower compared to those found in samples preceded by an extended dry period. They were also distributed almost evenly throughout the duration of the storm.
A low mass first flush was observed also during the storm event of April 30 when the peak concentration occurred during the latter component of the storm. During this storm event approximately 48% of the total pollutant mass was found in the first 30% of total runoff volume. Figure 4 indicates that a moderate mass first flush occurred during the storm events of December 18, 2010, and May 15, 2011. For these two medium-size storms, there was approximately 60 percent of the PAHs total mass load in the initial 30 percent of the runoff volume. Previous studies suggested a consistent pattern of observing a moderate mass first flush from small sites with homogenous land use [38] . A moderate to high first flush is typically observed from highly impervious commercial sites [38] .
Variability in PAHs Concentrations between
Wet and Dry Seasons Figure 5 shows the difference between measured concentrations (mg/L) at the end of the wet, the beginning of the dry season, and the beginning of the wet season. It also displays antecedent dry days, daily rainfall (mm) from September 2010 through May 2011, measured rain-fall (mm), and flow rate (L/s) during the sampled storm events. Elapsed time between storms appeared to correlate positively with increases in PAH concentrations. Plotting seasonal rainfall against measured concentrations indicate that higher PAH concentrations were observed after longer dry periods preceding the storm events. The lowest levels of total petroleum hydrocarbons were measured at the end of September (i.e., end of the wet season). Daily rainfall data suggest that the month of October was significantly drier than normal with a deficit of -11.7 cm below the monthly average, while November and December recorded deficits of -2.7 and -2.5 cm below the monthly average, respectively. The rainfall totals for the months of February and March were again below average with -4.7 cm and -3.6 cm, respectively. After the occurrence of relatively dry conditions in October and November, the samples collected in mid-December contained higher total PAH concentrations. The total PAH concentrations measured in samples collected in April and May 2011 after an extended and drier than normal season were considerably higher suggesting that accumulation of pollutants played a role in increased total PAH levels. These findings appear to be consistent with the results of previous studies conducted in climates with wet/dry seasons. Stein et al. [5] associated increasing PAH mass-loading rate to longer antecedent dry periods due to related build-up of pollutants over pervious and impervious surfaces. Table 1 shows that the lowest event-based FWMC (0.310 mg/L) was estimated for the site with higher traffic volume during the storm event of September 30, 2010. A FWMC of 1.8 mg/L was estimated for the site with the lower traffic intensity during the storm event of December 18, 2010. Overall, the estimated FWMCs at the end of the dry season were found to be considerably higher -5.8 mg/L for the storm event of April 30, 2011 (for the site with lower traffic intensity) and 8.5 mg/L for the storm event of May 15, 2011 (for the site with higher traffic intensity). Table 1 also displays the results from the estimated partial flow-weighted mean concentrations for the first 30, 60, 90, 120 and 150 minutes of the storm event. All sampled storms exhibited a similar pattern of declining partial FWMCs with each 30-minute interval. The only exception was the storm of April 30 in which a sharp increase in the partial FWMC at the beginning of storm was followed by a sharp decline over the second interval of 30 minutes, and again an increase in total PAHs levels over the third and fourth 30-minute intervals. The partial FWMC at the end of the fifth 30-minute interval for the storm of May 15, 2011 was higher than the partial FWMCs for the remaining three storm events.
Kendall's tau testing the concordance between flowweighted mean concentrations and antecedent dry days yielded a Kendall's tau-a = 0.979 with a p-value = 0.02. From these results, we can conclude a strong positive statistically significant correlation between FWMCs and antecedent dry days. The Kendall rank coefficient was also used to test the null hypothesis of concordance between flow-weighted mean concentrations and annual average daily traffic. The test yielded a Kendall's tau-a = -0.33 with a p-value of 0.26. The test statistic did not show a statistically significant correlation between the two variables. From these results, we cannot reject the null hypothesis of mutual independence between FWMCs and traffic intensity. Higher levels of pollutant accumulation after a prolonged dry season appear to have a sizeable effect on PAH FWMCs.
Average seasonal precipitation for the dry and wet seasons was used to calculate the seasonal unit loading rate for total petroleum hydrocarbons. The end-of wet season unit loading rate for the road with a higher traffic volume was 0.589 kg/ha (5.89E-03 kg/km 2 ). The value is lower than the total PAHs mass-loading rate at the beginning of the dry season for the road with the lower traffic volume which was 1.34 kg/ha (1.34E-02 kg/km 2 ). The total PAHs mass-loading rate at the beginning of the wet season was 8.38 kg/ha (8.38E-02 kg/km 2 ) at the site with lower AADT counts and 21.57 kg/ha) (2.16E-01 kg/km 2 ) at the site with higher AADT counts, respectively.
These findings suggest that at the end of the dry season and the beginning of the wet season higher PAH mass-loading rate was generated from the site with lower traffic volume, while at the end of the dry season higher PAH mass-loading rate was generated at the site with higher annual average daily traffic counts. The mass-load- 
Sources of PAHs Origin in Road Runoff
Several recent studies suggest that the deposition of urban aerosols associated with combustion of fossil fuels and other anthropogenic sources is a major source of PAHs in both road runoff and sediment [5, 6, 20, 22, 38] . The results from GC/MS laboratory analyses suggest a full range of PAH compounds in road runoff at both sampling sites including lighter (LMW) with molecular weight < 230 and two to three rings, and heavier (HMW) with molecular weight > 230 and four to six rings. The results of this study are consistent with the findings of previous studies suggesting that pyrogenic sources dominate the delivery of PAHs to urban stormwater [5, 6, [18] [19] [20] 22, 23, 38, 39] . We found that HMW PAHs comprised 88% to 93% of the total PAHs in road runoff at both sites. We found that the percentage of HMW PAHs was slightly higher at the end of the dry season at the site with higher AADT, while the percentage of LMW PAHs was higher at the site with lower AADT. The fluoranthene to pyrene (F/P) ratios for both water samples and sediment indicate that pyrolytic sources dominate PAHs inputs to road runoff.
The F/P ratios ranged from 1.16 to 1.25 for water samples, and from 1.22 to 1.25 for sediment samples. The calculated phenanthrene to anthracene (P/A) ratio for the water samples ranged from 8.36 to 9.74. An exception was observed at Site 2 during the storm event of 04/30/ 2011 where a P/A ratio of 15.22 was calculated. These ratios indicate that petrogenic sources of various origins might be present at the site.
Variability in PAHs Composition Profiles
An important objective of this study was to determine whether water samples collected at the end of the wet and at the end of the dry season exhibit similar or distinct PAHs profiles. The results from the statistical analysis also indicate that the distribution of HMW PAHs in the water column at the end of the wet season is not significantly different from the HMW PAH distribution in water samples taken at the end of the dry season (a p-value of 0.67 for Site 1 and a p-value of 0.23 for Site 2, respectively). These results confirm findings from previous studies. Menzie et al. [20] found similarity in PAH profiles in water samples taken from each representative land use category included in the analysis. Pathiratne et al. [22] found similar PAH distribution in the samples obtained from road runoff at two sites with different traffic intensities.
The statistical analysis, however, shows a statistically significant dissimilarity for lower molecular weight (2 -3 [40] . Several LMW PAH including anthracene, benzo(a)pyrene, and pyrene are known to be susceptible to reactions with hydroxyl radicals and are in most cases degraded faster than the highly hydrophobic PAHs with four to six fused rings [40] .
Conclusions
This study investigated PAH contamination in road runoff with respect to the temporal and spatial distribution of PAH species. The study found higher PAHs levels in samples collected at both sites after an extended and drier than normal dry season. The estimated flow-weighted mean concentrations for the sampled storm events lead to similar conclusions. The relative magnitude of the estimated PAH mass-loading rates were found to be higher at the end of the dry season. The results indicated that higher PAH concentrations measured at the beginning of the storm event were not always indicative of a first flush. A storm first flush was found to occur inconsistently throughout the sampled storm events. The results also indicated that site characteristics, rainfall patterns and intensity, flow volume and antecedent dry period affected the mobilization and remobilization of pollutants and therefore played a role in PAHs delivery to receiving waters. The importance of the length of time between subsequent storm events available for pollutants to build up on impervious surfaces, identified by previous studies, was confirmed by this investigation. The effect of the annual average daily traffic on PAHs concentrations in water samples requires further investigation. The continuous accumulation and wash-off of pollutants appeared to affect measured concentrations more than the traffic intensity. We found higher total PAHs concentrations in runoff samples at the site with the lower traffic intensity compared to the site with heavier traffic at the beginning of the dry season. Conversely, we found lower total PAH concentrations in runoff samples at the same site at the beginning of the wet season compared to the PAH levels at the site with higher AADT counts. Zhang et al. [6] reported higher PAH concentrations at sites with lower traffic volumes and suggested that factors beyond the level of service such seasonality in rainfall patterns and site characteristics exerted strong influence on the level of PAHs concentrations in road runoff samples. A limitation of this study is that it does not account for the effect of the BMPs and pretreatment measures that could reduce PAH discharges before they reach receiving waters. There appears to be a need for future studies evaluating the feasibility of treating the first flush fraction of the storm after prolonged dry periods.
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